Synthesis of multiwalled carbon nanotube (MWCNT) by arc discharge process is investigated with methane (CH 4 ) as background and feedstock gas. The arc discharge is carried out between two graphite electrodes for ambient pressures 100, 300, and 500 torr and arc currents 50, 70, and 90 A. Plasma kinetics such as the density and temperature for arc discharge carbon plasma is determined to find out the contribution of physical parameters as arc current and ambient pressure on the plasma dynamics and growth of MWCNT. With increase in applied arc current and ambient pressure, an increase in plasma temperature and density is observed. The synthesized samples of MWCNT at different experimental conditions are characterized by transmission electron microscopy, scanning electron microscopy, Raman spectroscopy, Fourier transform infrared spectroscopy, and X-ray diffraction. A decrease in the diameter and improvement in structure quality and growth of MWCNT are observed with increase in CH 4 ambient pressure and arc current. For CH 4 ambient pressure 500 torr and arc current 90 A, the well-aligned and straight MWCNT along with graphene stakes are detected.
Introduction
The unique structure of carbon nanotube (CNT) exhibits extraordinary electronic, thermal, and mechanical properties [1] which make them potential candidate for different technological applications [2] [3] [4] . Extensive efforts have been done to synthesize structured-controlled CNT. Several methods have been developed to synthesize CNT such as arc discharge [5] , chemical vapor deposition (CVD) [6] , and laser ablation [7] . Among these methods, arc discharge method is the promising technique capable to fabricate high quality CNT [8] [9] [10] . However, the control growth of CNT has not been accomplished due to lack of control and limited understanding of arc discharge plasma. A high influx of plasma species and high temperatures play key role in the growth of nanostructures. In order to realize and optimize the application of CNT, it is desired to understand the growth mechanism and influence of physical parameters (as ambient pressure, electrode geometry, applied current and voltage, gas flow, inter electrode distance, dynamics of plasma species, etc. [11] ) on the growth of nanostructures. The arc current, ambient gas, and ambient pressure are the important parameter for arc discharge synthesis of MWCNT. The arc current supplies energy to anode causing the evaporation of anode surface and formation of arc plasma. The MWCNT with diameters largely distributed in the range of 40-60 nm are observed for arc discharge in absence of ambient gas. During arc discharge evaporation, the ambient gas acts as buffer gas and influence the growth and diameter distribution of MWCNT [12, 13] . The arc discharge process for the synthesis of MWCNT is studied in different environments to control and improve their growth. For instance, in helium and argon environment the diameter distribution goes higher by varying the gas mixture from argon to helium and an average decrease in diameter is observed with increase in the argon-helium ratio [14] . In liquid nitrogen environment, for low arc current the spherical nanostructures with small diameter while for large arc current the CNT with large diameter are observed [15] . No cathode deposit is observed during discharge in deionized water; a layer of soot appeared at the surface of water which contains elongated rounded carbon structures such as nanoonions with some polyhedron structures and MWCNT [16] . In ammonia environment, no significant difference in the shapes and the structures of CNT is observed [17] . The hydrocarbon gases are widely used to grow the CNT using CVD and plasma enhanced chemical vapor deposition (PCVD) techniques [18] [19] [20] . However, there are not many investigations carried out on the hydrocarbon gases used as background and feedstock gas in arc discharge process.
In this investigative work, the MWCNT are synthesized by arc discharge process with CH 4 as background and feedstock gas for different ambient pressures and applied arc currents. The plasma temperature and density are determined for different input powers and ambient pressures. The synthesized MWCNT for different experimental conditions are analyzed by microscopic and spectroscopic techniques to explore the influence of arc current and ambient pressure on the growth and structure quality of MWCNT. The well-aligned, straight, and small diameter MWCNT along graphene are obtained by arc discharge process in CH 4 ambient environment.
Experimental
The arc discharge is carried out between two 99.99% pure graphite electrodes in presence of CH 4 as background gas. The graphite rod with diameter 11 mm is used as cathode whereas the graphite rod with diameter 9 mm is used as anode. The optical spectrometer (Ocean Optics HR4000, 200-650 nm, 0.1 nm) is used to record the optical emission spectrum of the discharge plasma in optical range 300-650 nm. The radiations from the discharge plasma are focused by biconvex lens ( = 15cm) into the optical fiber of diameter 600 m, which is connected to the optical spectrometer. The optical emission spectra are captured for applied arc current 50, 70, and 90 A at pressure 100, 300, and 500 torr. Each spectrum is recorded for 300 ms integration time. Several spectra are recorded for each experimental condition and suitable spectra are selected to calculate the plasma temperature and density. The MWCNT samples synthesized at different experimental conditions are collected form cathode deposit and characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD) analysis, Raman spectroscopy and Fourier transform infrared (FTIR) spectroscopy.
Results and Discussion
The plasma temperatures and densities are estimated by in situ optical emission spectroscopy. The optical spectra are recorded for applied experimental conditions such as arc currents 50, 70, and 90 A and ambient pressures 100, 300, and 500 torr with CH 4 as feedstock and background gas.
The foremost observed spectral lines are associated with singly ionized carbon ions (CII), and maximum ionic state for carbon ions is detected at +3. The processed recorded spectra from arc plasma for different applied conditions with selected peaks are shown in Figures 1(a)-1(c) .
The carbon arc plasma temperature for different applied experimental conditions are determined by Boltzmann intensity ratio method [21] as given in (1) using relative intensities of spectral lines emitted from the carbon species in arc plasma:
where " " is the plasma temperature, and are the higher level energies of two different transitions of the same ionization state as either CII or CIII, and are the emitted wavelengths, and are the transition probabilities of higher level, and are the degeneracies, and are the intensities of emitted wavelengths, and is the Boltzmann constant.
The plasma densities under different conditions are determined by Saha equation [21] given as
where is the plasma density, is the mass of electron, is the plasma temperature, +1 and are the higher level energies of singly ionized carbon atom (CII) and neutral carbon atom (CI), respectively, is the first ionization energy of carbon, +1 and are the emitted wavelengths by CII and CI species, +1 and are the transition probabilities of higher level for CII and CI, +1 and are the degeneracy of the higher energy levels for CII and CI, +1 and are the intensities of emitted spectral lines, ℎ is the Plank's constant, and is the Boltzmann constant.
The measurements of plasma temperatures and densities are performed under the special circumstances of local thermodynamic equilibrium (LTE) tested according to Mcwhirter's criterion [21] .
Figures 2(a) and 2(b) show the plasma temperature and density profiles, respectively, with respect to arc currents and the ambient pressures. The rise in plasma temperature is observed with increase in arc current as well as ambient pressure as shown in Figure 2 (a). The minimum plasma temperature 0.41 eV is estimated for arc current 50 A at pressure 100 torr, whereas maximum value 1.06 eV is measured for arc current 90 A at pressure 500 torr. The plasma density profile also shows an increasing trend with increase in arc current and ambient pressure except for arc current 70 A at pressure 300 torr as given in Figure 2(b) .
The minimum plasma density is observed at 3.77×10 3 /m 3 for arc current 50 A at pressure 100 torr, and maximum electron density 2×10 20 /m 3 is obtained for arc current 90 A at pressure 500 torr. The electron density profile trend is similar to the electron temperature profile for the applied experimental conditions. However, an anomaly is observed for conditions of arc current 70 A at ambient pressure 300 torr. Journal of Nanomaterials
The electron density at 70 A is higher than the density for arc current 90 A at the same pressure although the plasma temperature for 70 A is lower than 90 A at pressure 300 torr, which shows the relative abundance of the numbers of electron with average energy at these particular experimental conditions. By further increase in ambient pressure or arc current, the electron temperature is increased but the electron density decreased as depicted in Figures 2(a) and 2(b).
The rise in arc current increases energy flux at the anode surface and accelerates the evaporation of particles carrying high energy, which contribute to the increase of the temperature and density of plasma. Significant increase in electron temperature and density is observed for the increase in ambient pressure. The increase in plasma temperature and density with increase in ambient pressure can be explained on the basis of electron heating mechanisms with in plasma and the nature of residual gas. The capacitive discharge plasmas involve the two types of electron heating mechanisms, the stochastic heating, and ohmic (collision) heating. In stochastic heating mechanism, the electrons from the bulk interact with the oscillating electron sheath, transfer the momentum to sheath, and generate the stochastic heating at the sheath edge, while the ohmic heating is generated by the electronneutral collision in the bulk [22] . The stochastic heating mechanism is a dominant process at the low pressure, and increase in ambient pressure causes the transition of stochastic heating mechanism to the ohmic heating mechanism which enhances the plasma temperature. The increase in ambient pressure also changes the electron energy density function, which reduces the number of electrons carrying very high and very low energies, and increases the number of electrons with average energies [23] .
The residence gas also has a significant effect on the plasma dynamics. During arc discharge, enough heat energy is produced even at 50 A arc current, which is sufficient to decompose the CH 4 molecule into C and H 2 [24] . Thus, the electrons form plasma carried sufficient energy to dissociate and ionize CH 4 molecules in the plasma region due to inelastic electron collisions.
The decomposition of CH 4 provides more carbon species with in the plasma volume which enhance the ohmic heating mechanism; that is, increase in ambient pressure of CH 4 in reaction chamber provides more carbon species in the system and causes the transition of heating mechanism form stochastic heating mechanism to ohmic heating mechanism [22] . The increase in the chamber pressure also confined the plasma in certain region and led to the increase in heat flux at the anode surface which in turn enhances the anode ablation. The confinement of the plasma species in certain region between the electrodes gap causes the increase in electron temperature and density in smaller region [12] . The high ambient pressure also changes the electron energy density function, which reduces the number of electrons carrying very high and very low energies, and increases the number of electrons with average energies [23] . The large values of plasma density for arc current 70 A and CH 4 ambient pressure 300 torr show that large number of electrons carrying same energy (i.e., average energy), and the dominant heating mechanism at these particular experimental conditions is ohmic heating mechanism.
The closed end MWCNT are observed in TEM micro graphs along with nanoparticles, amorphous carbon, and graphene stakes. The MWCNT with tube diameter in range 4-20 nm, inner diameter in range of <1-5 nm, and length up to 650 nm are observed as shown in Figures 3-6 . The interwall spacing is determined 0.34 nm near to graphite crystal interlayer spacing. In fully developed MWCNT, fewer defects are observed. The TEM micrographs of the synthesized samples for arc current 50 A at ambient pressure 100 torr are shown in Figures 3(a)-3(c) . The bundles of MWCNT with inner diameter <5 nm and outer diameters in the range of 5-18 nm along with graphitic nano particles are observed as given in Figure 3(b) . However, some poorly aligned tube-like structures are also observed as shown in Figure 3(c) . Figures 4(a)-4(c) show the TEM images of sample prepared for arc current 50 A and pressure 500 torr. Under these experimental conditions, no tubule structures are found and the synthesized sample contains graphene stakes and amorphous carbon.
From Figures 3 and 4 , it is found that, with increase in the CH 4 ambient pressure from 100-500 torr for arc current 50 A, a decrease in the growth of the nanotube structures and increase in the growth of graphene stakes and amorphous carbon are observed. The average distance between the stakes of graphene is observed at about 0.34 nm as shown in Figure 4 (c).
The Figures 5 and 6 show the transmission electron microscopic images of the synthesized samples for arc current 90 A at ambient pressure 100 and 500 torr, respectively. The highly graphitized MWCNT structure with average diameter in the range of 6-20 nm and length >600 nm with fewer defect along with graphene stakes and amorphous carbon is observed. However, the surface contamination of the nanotube is also seen for increase in the CH 4 ambient pressure. The transmission electron microscopic analysis identifies increase in the growth of the carbon nanotube with increase in the CH 4 ambient pressure from 100 to 500 torr. An improvement in the quality of nanotube structure in terms of defects and alignment is observed, with increase in applied arc current from 50 to 90 A. However, for high ambient pressure 500 torr, increase in the growth of nanoparticles, graphene, and surface contamination of nanotube is also observed. The improvement in the structural quality of grown MWCNT at high arc current infers that the temperature of cathode surface plays important role and contributes towards the annealing of the tubular structures which in turn lead to formation of well-aligned MWCNT. For lower arc current 50 A, increase in the ambient pressure from 100 to 500 torr reduces the growth of tubular structures and enhances the growth of nanoparticles and graphene stakes. However, for high arc current 90 A, an increase in the CH 4 ambient pressure leads to increase in the growth of MWCNT with relatively smaller inner diameter (as compared to lower arc current and ambient pressure) and carbon nanostructures.
The scanning microscopic images of synthesized materials for arc currents 50 A, at ambient pressures 100, 300, and 500 torr, are shown in Figures 7(a)-7(c) , respectively. The dense MWCNT along nanoparticles and amorphous carbon are observed. A decrease in the MWCNT density and increase in the amorphous structures are observed with increase in the ambient pressure from 100 to 500 torr.
The electron microscopic images of the sample material prepared for arc current 70 A at pressure 100, 300, and 500 torr are given in Figures 8(a)-8(c) , respectively. The MWCNT along with the carbon nanoparticle, amorphous carbon, and graphene stakes are observed. For arc current 70 A, the increase in the ambient from 100 to 500 torr causes an increase in the density of nanotube and nanostructures. The high density MWCNT and amorphous carbon are found for arc current 90 A at ambient pressure 100, 300, and 500 as shown in Figures 9(a)-9 (c). For arc current 90 A, an improvement in the structures of the nanotube and increase in the nanotube density is detected with rise in ambient pressure of CH 4 gas from 100 to 500 torr. Besides this, increase in the growth of graphene structures is also observed. The scanning electron microscopic analysis reveals Journal of Nanomaterials that increase in CH 4 ambient pressure and arc current causes an improvement in structure quality, decrease in inner tube diameter, increase in tube length, and growth rate of MWCNT. However, high ambient pressure enhances the growth of graphene flaks and nanoparticles as observed in TEM micrographs. Figure 10 shows the XRD spectra of the synthesized MWCNT for arc currents 50, 70, and 90 at ambient pressures 100, 300, and 500 torr. A strong peak at position ∼26.5 ∘ and relatively weak peaks at positions ∼42.5 ∘ , ∼44.5 ∘ , and ∼54.5 ∘ for angle 2 associated with planes (002), (100), (101), and (004) [25] , respectively are detected for each recorded XRD spectra. The strong peaks at ∼26.5 ∘ corresponding to the (002) graphite plane show the presence of graphitized structures.
Figures 11(a) and 11(b) show the shift in the angle 2 and variation in FWHM, respectively, for peak corresponding to (002) plane with respect to applied arc current and CH 4 ambient pressures. The downshifts in peak associated with (002) plane towards the low angle with increase in ambient pressure from 100 to 500 torr show the increase in [26, 27] , respectively, are observed in Raman spectra of MWCNT samples synthesized at different experimental conditions as shown in Figures 12(a)-12(c) . The strong Glines in the region of 1570-1600 cm −1 in all captured spectra identify the presence of highly graphitized graphitic structures in the synthesized samples. An increase in the intensity of the G-line with increase in the ambient pressure and arc current shows an increase in the growth and improvement in the structure of MWCNT.
The high intensity D-lines in the region of 1325-1335 cm
refers to the presence of ill-organized graphitic structures. However, D-line is also considered as intrinsic feature of MWCNT Raman spectrum as the curved nature of the graphite sheets leads to the increase in the intensity of Dline due to enhancement in the electron-phonon coupling [28] . From Figures 12(a)-12(c) , it is observed that the intensity of D-line is increased with increase in ambient pressure of CH 4 gas and arc current. The increase in D-line intensity with increase in ambient pressure and arc current can be attributed to the presence of defective structure and increase in the growth of MWCNT with smaller diameter and carbon nanostructures. The G * -band shows the presence of the crystalline graphite in the form of one or multilayers of graphene sheets [29] in the grown samples as observed in TEM microscopy. Thus, the Raman spectrographs show the presence of the MWCNT in all synthesized samples along with graphite crystallites, nanostructures, and graphene. An increase in the relative intensity of the G * -line with rise in the ambient pressure and arc current as depicted in Figures  12(a)-12(c) illustrates the increase in the growth of graphene stakes [30] at high pressure. on the laser excitation energy, and the location of D-line for MWCNTs can be expressed as D = 1285 + 26.5 laser [28] . During Raman analysis the value of Laser is 1.95 eV and thus the position of D-line should be at 1335 cm −1 , which is in agreement with observed peak position in Raman spectra. The downshift of G-line as shown in Figure 13 (b) with increase in ambient pressure shows the improvement in the nanotube structure quality as well as enhancement in the growth of graphene sheets. The upshift in the D and G-lines at ambient pressure 500 torr can be attributed to formation of graphene due to presence of hydrogen which prevents the closure of the nanostructures and leads to the formation of graphene flakes [8] . The position of G-lines in the spectral region 1570-1590 cm −1 [31] shows the semiconductor nature of synthesized MWCNT. Figure 14 A decrease in the line width of the D-band is observed with increases in the ambient pressure as given in Figure 14 (b). The line width of the D-bands is found in the range of 30-60 cm −1 , which shows the presence of crystallite graphite and MWCNT. The line width of the D-band is large for the carbon nanotubes with small diameter <20 nm and then decreases slightly for the higher diameter MWCNT [31] . From the Raman spectral analysis, an improvement in the structure quality and increase in the growth of the graphite crystallite and graphene stakes are and at 1460 cm −1 represent the C-C vibrational modes associated with the carbon skeleton of the MWCNT [32] [33] [34] [35] . The vibration mode at ∼1620 cm −1 is referred to the presence of C=C group [36] , which shows the presence of the sp 3 characterization. The broadening, downshift, and decrease in peaks height at position 1630 cm −1 associated with C=C stretching mode is observed with increase in ambient pressure from 100 to 500 torr. However, broadening and a little upshift in peaks at position 1630 cm −1 are found with increase in arc current from 50 to 90 A as shown in Figure 16 .
The shift in peak at position 1630 cm −1 with respect to arc current is small as compared to ambient pressure. Ten to 20 cm −1 downshift in peak positions is detected with increase in the ambient pressure from 100 to 500 torr, and 5-10 cm −1 upshift is spotted with increase in the arc current 50-90 A as depicted in Figure 16 . According to microscopic analysis of the synthesized samples, an increase in the growth of the graphene stakes and MWCNT with smaller diameter is observed with increase in CH 4 ambient pressure. Thus, it can be inferred that the downshift and broadening in the peak at position 1630 cm −1 associated with C=C stretching mode with increase in the arc current indicates the increase in the growth of carbon nanoparticle and graphene stakes. And upshift in the peak at position 1630 cm −1 with rise in CH 4 ambient pressure refers to increase in the growth of nanotubular structures.
Conclusion
The MWCNT are synthesized by arc discharge technique in presence of the CH 4 gas for different ambient pressures and arc currents. The plasma temperature and density are estimated by optical emission spectroscopy. An increase in plasma temperature and density is observed, with increase in applied arc current as well as ambient pressure. The microscopic, spectroscopic, and XRD analyses of synthesized MWCNT infer significant improvement in MWCNT in terms of growth, quality, and size with increase in the applied arc current and CH 4 ambient pressure. It is found that the high ambient pressure leads to increase in the growth of MWCNT with small inner diameter. However, the synthesis of the carbon nanostructures and graphene stakes is also increased at high ambient pressure. An improvement in the structure quality of grown MWCNT is observed with increase in the arc current from 50 to 90 A. At high arc current the walls of grown MWCNT are well aligned, highly straight, and fully developed. The high temperature of cathode surface for large value of arc current provides sufficient heat to anneal defective sites of the tubes and leads to formation of properly aligned MWCNT.
